Phosphorylation is a major regulator of protein interactions; however, the mechanisms by which regulation occurs are not well understood. Here we identify a salt-bridge competition or "theft" mechanism that enables a phospho-triggered swap of protein partners by Raf Kinase Inhibitory Protein (RKIP). RKIP transitions from inhibiting Raf-1 to inhibiting G-protein-coupled receptor kinase 2 upon phosphorylation, thereby bridging MAP kinase and G-Protein-Coupled Receptor signaling. NMR and crystallography indicate that a phosphoserine, but not a phosphomimetic, competes for a lysine from a preexisting salt bridge, initiating a partial unfolding event and promoting new protein interactions. Structural elements underlying the theft occurred early in evolution and are found in 10% of homo-oligomers and 30% of hetero-oligomers including Bax, Troponin C, and Early Endosome Antigen 1. In contrast to a direct recognition of phosphorylated residues by binding partners, the salt-bridge theft mechanism represents a facile strategy for promoting or disrupting protein interactions using solvent-accessible residues, and it can provide additional specificity at protein interfaces through local unfolding or conformational change.
Phosphorylation is a major regulator of protein interactions; however, the mechanisms by which regulation occurs are not well understood. Here we identify a salt-bridge competition or "theft" mechanism that enables a phospho-triggered swap of protein partners by Raf Kinase Inhibitory Protein (RKIP). RKIP transitions from inhibiting Raf-1 to inhibiting G-protein-coupled receptor kinase 2 upon phosphorylation, thereby bridging MAP kinase and G-Protein-Coupled Receptor signaling. NMR and crystallography indicate that a phosphoserine, but not a phosphomimetic, competes for a lysine from a preexisting salt bridge, initiating a partial unfolding event and promoting new protein interactions. Structural elements underlying the theft occurred early in evolution and are found in 10% of homo-oligomers and 30% of hetero-oligomers including Bax, Troponin C, and Early Endosome Antigen 1. In contrast to a direct recognition of phosphorylated residues by binding partners, the salt-bridge theft mechanism represents a facile strategy for promoting or disrupting protein interactions using solvent-accessible residues, and it can provide additional specificity at protein interfaces through local unfolding or conformational change.
phospho-swap | protein interaction | salt-bridge competition | Raf Kinase Inhibitory Protein | conformational change P hosphorylation is a ubiquitous posttranslational modification implicated in the regulation of innumerable processes (1) . Phosphorylation often acts as a switch, controlling the formation of protein complexes that mediate function. However, beyond directly forming either favorable or unfavorable interactions at the binding interface, the possible modes of phospho-regulation are not clear (2, 3) . Here, we investigate how phosphorylation of RKIP (PEBP1), a member of the phosphatidylethanolamine protein family, reorganizes a salt-bridge network to bring about a localized conformational change and an exchange of signaling partners. Bioinformatic analyses demonstrate the broader significance of this mechanism, which represents a general mechanism to regulate both homo-oligomeric and hetero-oligomeric protein interactions.
As a regulator of MAP kinase and G-Protein-Coupled Receptor (GPCR) signaling, RKIP prevents numerous pathological conditions including metastatic cancer (4-6) and heart disease (7, 8) (Fig. 1A) . Well-characterized structurally by crystallography and NMR (9-11), RKIP assumes a highly conserved conformation with a pocket composed of a loop that interacts noncovalently with its C-terminal α-helix (Fig. 1B) . Phosphorylation at S153 by protein kinase C (PKC) switches RKIP from binding Raf-1 to binding G-protein-coupled receptor kinase 2 (GRK2) (12) (13) (14) , thus activating a new pathway (Fig. 1A) .
To observe the effects of phosphorylating RKIP at S153 by NMR, we mixed the catalytic subunit of PKC with RKIP and analyzed the heteronuclear single quantum coherence (HSQC) spectra over 10 h. We also inserted a minimally perturbing P74L mutation shown previously to increase the phosphorylation rate of RKIP (10) . Several lines of evidence indicate that phosphorylation, which had the proper mass shift (SI Appendix, Fig. S1 ), was nearly complete. These include the previously published result that only position S153 is phosphorylated by PKC (12) (13) (14) and a reduction in the S153 NMR peak height by greater than 80% ( Fig. 2A and SI Appendix, Fig. S1 ).
Comparison of the NMR 1 H-15 N HSQC spectra of unphosphorylated and phosphorylated RKIP P74L revealed pronounced differences at more than one-third of the amide NH (NH) peaks ( Fig. 2A) . Changes included peak movement, line broadening, and disappearance of peaks for residues located near S153; however, these effects extended out to residues in the C-terminal helix located more than 30 Å away. These changes indicated that a subset of amide NHs experienced different chemical environments due to altered conformation(s), with some undergoing
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Phosphorylation is a ubiquitous modification that has been implicated in signaling and other functions, but the atomic-level mechanisms are not completely understood. We identify a saltbridge competition or "theft" mechanism wherein a phosphoserine, but not a phosphomimetic, breaks a pre-existing salt bridge, initiating a partial unfolding event and promoting new protein interactions. Structural elements underlying the theft occurred early in evolution and are found in 10% of homooligomers and 30% of hetero-oligomers. These findings identify a facile and evolutionarily accessible mechanism for reorganizing salt bridges and other electrostatic networks with only a single mutation to trigger a functional switch.
dynamical averaging between alternative conformations on the millisecond to microsecond timescale. An increase in the number of peaks in the random coil region ( Fig. 2A, dashed circle) suggested a partial unfolding of residues 132-147 located in a well-folded loop region in the crystal structure. These findings indicated that the protein undergoes a large-scale perturbation upon PKC-induced phosphorylation of S153.
To probe the nature of the perturbation, we introduced mutations at or near S153. We first compared the HSQC spectrum of RKIP pS153,P74L to the phosphomimetic mutant RKIP S153E
. We showed previously that the RKIP S153E variant bound Raf-1 instead of GRK2, and its HSQC spectrum was nearly identical to that of wild-type (WT) RKIP (10) . Consistent with these findings, the singly charged RKIP S153E was insufficient to induce the large-scale perturbation of the HSQC spectrum observed with the authentic phosphorylation of S153 (compare Fig. 2 A and B) .
To investigate why the phosphomimetic was insufficient, we examined the RKIP structure and noted that K157, located one helical turn away from S153, could be involved in the phosphorylationinduced structural changes. In the crystal structure, K157 forms a salt bridge with D134 and E135 on a nearby loop (Fig. 1B) . We posited that the K157 side chain, upon phosphorylation of S153, could rotate and form a salt bridge with the double charged phosphate on pS153. Such a rotation of K157 would leave the negatively charged ends of D134 and E135 near each other without a compensating positive charge. As a result, the acidic groups should have a tendency to separate, and the loop containing the two residues would become partially disordered.
Support for the ability of pS153, but not the S153E phosphomimetic, to outcompete residues D134 and E135 for K157 comes from peptide studies showing that the salt bridge formed between a phosphoserine and a lysine located at positions i and i+4 along a helix is unusually stable (∼2 kcal·mol indicates that RKIP adopts different conformational states upon S153 phosphorylation or mutation of residues involved in the salt bridge, whereas the phosphomimetic RKIP S153E is insufficient to induce the change. Peaks corresponding to S153 and E135 and the random coil region (dashed circle in A, C, and D) are highlighted. In the variants, the E135 peak is unperturbed only in S153E. Spectra were obtained at 25°C. (G) Location of residues perturbed in the HSQC spectra of RKIP K157A (magenta) and RKIP D134A,E135A (magenta and blue).
enhanced stability enabled the pS153-K157 salt bridge to outcompete the D134/E135-K157 salt bridge and initiate the events leading to partial unfolding of the loop. Since typical single (+,−) salt bridges are generally weak (15) , this result also provided a rationale for why some S-to-E phosphomimetics do not function as well as the phosphorylated versions.
In our "salt-bridge theft" model, the breakage of the D134/ E135-K157 salt bridge is the critical event. To test the model, we disrupted the triad with an additional K157E substitution. As anticipated, this RKIP S153E,K157E variant had an HSQC spectrum matching that of RKIP pS153 ( Fig. 2 C and D and SI Appendix, Fig.  S2 ). Furthermore, few spectral differences were observed between the single RKIP K157E and the double RKIP S153E,K157E
variants, indicating that the single K157E substitution was sufficient to trigger the conformational switch. We also examined less disruptive alanine substitutions on either the helix or the loop side, K157A and D134A/E135A, respectively. These substitutions caused structural changes approaching those seen in RKIP K157E , consistent with the loss of the salt bridge ( Fig. 2 E and F and SI Appendix, Fig. S2 ). Substitution with larger tyrosine residues (D134Y/E135Y) also resulted in perturbations similar to those seen in K157E (SI Appendix, Fig. S2 ).
To clarify the nature of the differences between the K157 mutants substituted with charged versus uncharged residues, we analyzed an overlay of the K157E and K157A NMR spectra (SI Appendix, Fig. S2 ). This overlay highlights the differences observed between K157E and K157A, which are especially notable in the random coil region in the NMR spectrum of K157E and indicative of increased unfolding (Fig. 2D) . This difference likely was a reflection of the more disruptive effects of three colocalized carboxylic acids in K157E versus two colocalized carboxylic acids in K157A.
Salt-bridge disruption in RKIP K157A caused a near-complete or total loss of NMR peak intensity for various residues including L68, L103, S104, V107, G108, E135, L138, R146, G147, and L184 (peaks for the intervening residues E105-Y106 and P136-N145 could not be resolved) (Fig. 2G) . The perturbed residues in the RKIP D134A,E135A HSQC spectrum overlapped with those seen for RKIP K157A but also included N132 and C133 (Fig. 2G ). Some peaks in the mutants were selectively lost while others had native-like intensities, suggesting that the region from L103 to G147 is partially unfolded upon disruption of the native saltbridge triad.
The disruption of the D134/E135 loop upon the theft of K157 likely resulted from an electrostatic repulsion of the adjacent D134 and E135 residues. Studies of the pK shifts for a pair of neighboring glutamic acids by McIntosh and coworkers (16) noted a pK a increase for a glutamic acid of two units. This shift translates into an ∼3 kcal·mol −1 increase in proton affinity to the carboxylic acid, presumably resulting from the heightened negative potential due to the presence of the second glutamic acid. To create the heightened negative potential, additional energy is required to fold the protein with two nearby glutamic acids. There are also several other examples of single ionic locks that trigger dramatic structural reorganizations within a protein to facilitate protein activity-state transitions. For example, a similar E/DRY motif can be found in GPCRs with salt-bridge interactions between R and both E and D residues in consecutive positions (17) . This salt bridge creates an ionic lock, maintaining the receptors in an inactive state. Mutagenesis of R is sufficient to transition the receptor to an active state. This motif is on the cytosolic face of the GPCR and therefore is not shielded from the influence of polar solvent or ionic interactions. Together, these studies suggest that RKIP has evolved to use the repulsion of two nearby glutamic acids to drive partial unfolding of a loop region.
Analysis of GRK2 binding provided further evidence for the functional role of residues within the salt-bridge triad. To determine the degree to which RKIP K157E is a surrogate for RKIP pS153
, we compared the ability of RKIP K157E to bind GRK2 with that of RKIP pS153 and the double variant RKIP S153E,K157E in 293T cells by coimmunoprecipitation (14) . For all cell studies, we mutated S153 to either an alanine or a glutamic acid to prevent S153 phosphorylation. As previously observed (14) , the RKIP S153E,K157E variant bound GRK2 instead of Raf-1 (Fig. 3) . No significant difference in GRK2 binding was noted between RKIP pS153 , generated by treating cells with phorbol-12-myristate-13-acetate (PMA), and the two variants RKIP S153A,K157E and RKIP S153E,K157E (Fig. 3 A and C) . The triple alanine variant RKIP S153A,D134A,E135A was similarly able to bind to GRK2 (Fig. 3 B and D) . By contrast, GRK2 binding to the double-alanine variant RKIP S153A,K157A was not statistically significant, possibly reflecting the more limited structural perturbation noted above. These findings provide additional support for both the disruption of the salt-bridge triad and the partial unfolding of the associated region as critical events leading to the GRK2-bindingcompetent state.
The crystal structure of an RKIP variant lacking residues 143-146 further validated our model. R146 is highly conserved, and this region is altered by the P74L mutation that increases S153 phosphorylation (10) . The initial motivation for designing this deletion mutant was to mimic the conformational changes induced by S153 phosphorylation to further dissect the molecular mechanism of the Raf1-to-GRK2 switch of RKIP. The RKIP , binds poorly to Raf1 (14) . In addition, the deletion variant does not require S153 phosphorylation for these effects (14) , further demonstrating that Δ143-146 largely simulates the structural change in RKIP pS153 induced by phosphorylation. We solved the crystal structure of RKIP Δ143-146 at a moderate resolution (2.7 Å) (Fig. 4 B and C and SI Appendix, Table S1 ). Notably, E135 now points away from K157 and no longer participates in the salt bridge (Fig. 4 D and E) , leaving a salt A C D B Fig. 3 . In vivo interactions between GRK2 and salt-bridge mutants of RKIP.
(A and B) Cells expressing WT HA-RKIP or HA-RKIP variants were incubated with or without PMA (1 μM) for 10 min before precipitation with an anti-HA antibody and blotted for GRK2. Input represents 10% of total lysates used for immunoprecipitation assays: Representative coimmunoprecipitation assays using RKIP mutants (A) S153A/K157E (SK/AE) or S153E/K157E (SK/EE) or (B) S153A/K157A (SK/AA) or D134A/E135A/S153A (DES/AAA) are shown. (C and D) Plots of GRK2 bound to RKIP mutants: S153A/K157E (AE); S153E/K157E (EE); S153A/K157A (AA); D134A/E135A/S153A (AAA). Average of blot densities for GRK2 normalized to RKIP using (C) four or (D) three independent experiments including A is shown. Error bars indicate SEM. *P < 0.05 by a one-tailed Student's t test.
bridge only between D134 and K157. Evidently, this interaction is too weak to maintain the original Raf-binding structure in solution (14) . In addition, regions near R146 seem to be more flexible compared with other regions of the crystal structure indicated by larger B-factors relative to the average B-factor of the entire structure, suggesting that this part of the protein is perturbed. The RKIP Δ143-146 variant therefore serves as a useful tool to underscore the importance of local perturbation and partial unfolding of RKIP for GRK2 binding.
Since oligomerization could alter the interpretation of the NMR data, we examined whether RKIP forms a dimer by size-exclusion chromatography, multi-angle light scattering, and SDS/PAGE (SI Appendix, Figs. S3 and S4 ). Reduced RKIP K157E and RKIP S153E,K157E
were nearly identical in size and molecular weight to monomeric WT RKIP (SI Appendix, Fig. S4 ). Furthermore, RKIP Δ143-146 crystallized as a monomer. Whereas RKIP may form oligomers in cells (14) , phosphorylation at S153 transitions RKIP between monomeric states under reducing conditions.
The salt-bridge theft mechanism in RKIP involves breaking a salt bridge, which subsequently enables a switch in protein partners. We reasoned that a similar disruption of a salt bridge formed across a binding interface could be widespread in complexes controlled by phosphorylation. Consequently, we performed a bioinformatic search on ∼5,000 hetero-oligomers taken from a curated data set (18) to look for key features involving a phosphorylatable S/T pSite, a K or R Switch(+) and at least one D or E salt-bridge Partner(−) (Fig. 1B) . The salt-bridge theft motif is defined as follows: (i) the pSite and Switch(+) are on the same chain at least two residues apart, while the Partner(−) is on another chain; (ii) the Switch(+) and Partner(−) are in contact with side chains within 3 Å (19); (iii) the Cα atoms of the pSite and the Switch(+) are within 8 Å (20, 21); (iv) the pSite is on the surface with a relative solvent accessible area above 25% (22, 23) ; (v) the pSite is a known or predicted phosphorylation site (24, 25) ; and (vi) the pSite is not at the binding interface, having no heavy atoms within 3 Å from any interfacial residue (19) .
This analysis identified 33% (1,602/4,857) of total heterooligomers as having the necessary criteria for the salt-bridge theft mechanism with either known (5%) or predicted (28%) phosphorylation sites (Fig. 5A and SI Appendix, Tables S2 and S3) . A similar analysis of homo-oligomers (18) revealed a 10% occurrence of the salt-bridge theft motif (2,048/20,685) . From this set, along with additional criteria found in RKIP (namely, i and i+ 4 are in a helix and have two D/E in contact with K/R), we identified three candidates that had been previously studied by mutation or phosphorylation: Bax (1F16.pdb), Troponin I and C (1J1D, chains A and C), and Early Endosome Antigen 1 (EEA1) (1JOC, chains A and B) . In RKIP, Bax, and Troponin I, the S/T-K pair was located at positions i and i+4 on an α-helix, whereas in EEA1, the i, i+4 pair was present in a β-turn.
We postulate that the salt-bridge theft mechanism in Bax regulates local conformational changes along a single polypeptide chain that eventually leads to Bax oligomerization (26) . Bax, an apoptotic protein that triggers release of cytochrome c from mitochondria (27) , forms a salt bridge between K64 and D33 on two adjacent helices in its inactive "closed" conformation ( Fig. 5B ) (28) . We expect that phosphorylation of S60 should appropriate K64, triggering the separation of the two helices to generate the active "open" conformation. This event facilitates oligomerization leading to cytochrome c release. In support of the theft mechanism, the loss of the interhelical salt bridge upon either a K64D or D33A mutation triggers cytochrome c release whereas the S60A mutation, which prevents phosphorylation, inhibits cytochrome c release (29) . As in RKIP, a phosphomimetic substitution of the serine residue (S60D) was insufficient to fully activate Bax or trigger cytochrome c release, presumably because the singly charged residue, unlike the authentic phosphorylated serine, cannot outcompete the K64-D33 salt bridge (29) .
The phosphorylation of Troponin I regulates heterodimer formation with Troponin C. Troponin C is a calcium-binding protein that interacts with Troponin I, eliciting a conformational change in Troponin I and muscle contraction (30) . Phosphorylation of Troponin I at S42 on an α-helix in chain C disrupts the Troponin C/I interaction, releasing myofilament tension and decreasing sliding speed (31) . K46 on Troponin I likely forms a salt bridge with D2 and D139 on Troponin C that is lost upon phosphorylation of S42 (Fig. 5B) . Consistent with the theft mechanism, combining S42E and S44E substitutions decreases fiber tension and calcium sensitivity, whereas the S42A mutation enhances both parameters (32) .
The phosphorylation of the homodimer EEA1 controls binding to phospholipids (33, 34) , mediating endosomal trafficking by binding to phospholipid vesicles via phosphatidylinositol-3-phosphate (35) . Phospholipid binding requires phosphorylation of T1392, and its mutation to alanine (T1392A) decreases this interaction (36, 37) . The T1392 phosphorylation should attract K1396 (both on chain B), triggering a salt-bridge theft and freeing the salt-bridge partners (the adjacent D1352 and E1351 on chain A) to undergo local rearrangement and generate a new homodimer interface that interacts with endosomes ( Fig. 5B)  (33, 34) .
The high frequency of the salt-bridge theft motif in heterooligomers suggests that it occurred early in evolution. Consistently, our motif search revealed a higher prevalence among invertebrates (38 ± 1%) relative to vertebrates (28 ± 1%) ( Fig.  5A and SI Appendix, Table S2 ). However, RKIP (PEBP1) acquired S153 later in evolution whereas E135 and K157 are two of the most conserved residues within the PEBP family (SI Appendix, Fig. S5 and Table S4 ), indicating that this salt bridge antedates acquisition of the salt-bridge theft mechanism. Bax, EEA1, and Troponin I similarly acquired the salt-bridge theft motif at the vertebrate stage (SI Appendix, Fig. S5 and Tables  S5-S7) . Thus, the salt-bridge theft motif as a mediator of protein interactions is poised for regulation by the nascent kinome but may also be acquired later in evolution along with an expanded role for the kinome. The salt-bridge theft mechanism that we describe here differs from the classic view of phosphorylation-controlled binding through protein domains, as exemplified by SH2 and 14-3-3 domains (38) . In the latter case, the phosphorylation of a serine or threonine situated at the interface promotes binding (Fig. 5C ). This mechanism involves an initially solvent-exposed serine or threonine. Possibly, the phosphorylation of residues at the interface could lead to dissociation; in this situation, however, the residues would not be as solvent-accessible. The high frequency (73%) of a hetero-oligomeric protein interface having either a serine or a threonine suggests that this is a viable mechanism for regulating oligomeric protein interactions (Fig. 5A and SI Appendix, Table S3 ), as supported by recent studies (3) .
In contrast, our salt-bridge theft mechanism involves solventexposed serine or threonine residues that are not directly on the binding interface (Fig. 5 D and E) . The mechanism builds on the high frequency of salt bridges (77%) at hetero-oligomeric protein interfaces (Fig. 5A and SI Appendix, Table S3 ). These charged residues are enriched two-to threefold at binding interfaces, as noted previously (39) . By contrast, the frequency of S/T residues is the same throughout the protein whether on or near the interface or buried within the protein (SI Appendix, Table S3 ). If a solvent-exposed S/T is close enough to an interfacial salt bridge, then a pSer/pThr can compete for the bridge. Because only ∼30% of the protein interfaces feature the salt-bridge theft motif whereas salt bridges are present 77% of the time, the availability of S/T residues near the interface appears to be a limiting condition. When two acidic residues participate in the salt bridge, more extensive conformational changes can occur. This option is present at lower levels than the salt-bridge dyads for both hetero-oligomers (5%) and homooligomers (1%) (SI Appendix, Table S2 ).
Whereas the traditional model posits that phosphorylation modulates protein interactions by directly altering the binding interface, the salt-bridge theft mechanism has several advantages as an additional route for regulation by the kinome. Due to solvent accessibility, the theft allows for facile removal or addition of the phosphate whereas direct binding across the interface allows only for facile phosphorylation. Therefore, phosphorylation leading to interface disruption would be more likely to occur with the salt-bridge theft mechanism. In support of this hypothesis, the examples that we have highlighted here for the salt-bridge theft all involve phosphorylation-induced disruption of protein interactions. Troponin I phosphorylation dissociates a heterodimer, and EEA1 disrupts a homodimer (Fig. 5D) , whereas RKIP and Bax phosphorylation disrupt interacting polypeptide chains within a single protein, enabling local unfolding that facilitates binding to GRK2 (Fig. 5E) or Bax, respectively. Finally, disruption of the salt bridge, especially one that involved two negative charges, may induce protein remodeling through partial unfolding due to the colocalization of two negatively charged side chains. Similar reorganizations of electrostatic networks and allosteric effects resulting from disrupted charge clusters have also been observed in other systems, including PKA and VraR (40, 41) . These examples as well as others (42) suggest that neither mono-nor divalent cation binding would completely recover the energy invested in the colocalization of D134 and E135 in RKIP, and, thermodynamically, the partial unfolding of the loop is favored.
In this article, we have demonstrated the presence of a phosphorylation-triggered salt-bridge competition or "theft" mechanism for regulating RKIP/GRK2 association. The motif exists in one-third of hetero-oligomers and is enriched in invertebrates. The mechanism could be an early mode of introducing phosphorylation-controlled binding, in part as it uses an existing salt bridge, an interaction known to be enhanced at protein-protein interfaces (39) . The original salt bridge is left intact, in contrast to serine phosphorylation that directly participates in the salt bridge across an interface (43) . Thus, the regulation using the theft mechanism is controlled through a nearby solvent-accessible residue that would be easier to substitute or phosphorylate. Our computational analysis suggests that this mechanism may be broadly operative in controlling protein oligomerization.
Materials and Methods
NMR Experiments. All HSQC spectra were collected on a 500-MHz magnet with a Bruker AVANCE III console at 25°C with a typical protein concentration of 0.5 mM. Spectra were processed using NMR Pipe and CARA software packages. 
